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wU_YWU¢\ri¨UWepU_LOb=^cof\]Zg`4\´¥²§ep·&of^V^cde8Zc` h t^c=NMof\]e¾jkc4{cÀ
b=^cUW`a\p^aXd\kifZ h UWZcc`K^4er\]UWl&IKU[lvIObKof^ h X:lNke8Z
h N«w`KU_\fUWcN§ej^aY_Xd\]U_^a`U_YWYwaNM`KNko]ZcY_YWi=NubKo]NNkofo]N h \]^^c`wNIKUWlvIofNaXwU_o]Nke8efXKdqrN´l¤\fUWcN¯U_`4\fNkofbwofNM\]Z \]U_^a`
Zc` h,j ^co)Nmdb=NMo]U_Nk`wlNQ^c`\fIwNbwZgof\^g\fIKNQXwefNMoBkv¥
·&^g\]I>bwZgovZgYWY_NkYZg` h ejUW`KaY_N£lvIwZcU_`ALON\fIw^ h eIwZ­cN&NMYWY¢¹ÎV`K^ ` Z h  Zg`4\]ZccNkeZc` h h o]Z­wZalvde
¾2·&of^V^cde¨Zg` h tu^c=NMof\]ekc4{d^coOt^c=NMof\´ca|aÀ¤0KXK\¨&N=NMYWU_NkcN\fIwZg\¨^c`wY_ibwZco]ZcY_YWNMY&lvIwZgUW`LON¹
\]IK^ h elMZc`bKo]^ VU h N§e]Z \fU[ejGZcl¤\]^co]il^c`4\]of^aYw\]^4^aYWek¥8²uY_\fIK^aXKcIbwZco]ZcY_YWNMY=LON\fIw^ h e)^cVVU_^aXwejYWiOofN4XKU_o]N§Z
Y[Zgo]cNkoDl^aLObKXd\]Zg\fUW^c`wZcY:NMmdb:Nk`wejNac\]IKNMiªZcofN¯L(^aofN h N h U[lMZg\fN h \f^¨^cXd\]bKXd\)U_U h ovZg` h ^cL ­ZcofU[ZgwY_N´e8o]^cLE£Zc` h l^a`4aNMiL(^aofNlM^c`d« h NM`wlMNQ\fIwZg\¯\]IKNIK^aY_NefXKbKb=^cof\¯^clEIwZaeu=NMNk`NmdbKYW^co]N h ¾GefNMN26¡NkY_LZc`
Zc` h tXKwU_`´c4s^ao§Z h UWe]lXwe]efU_^a`:À¤¥u²¯:^ aNZgYWY2=lvIKNklvVUW`Kªl^a`VcNMo]cNk`wlN¡\]^ej\]Z \]U_^a`wZgo]U_\riª^gM9/;1=?<@BA
:ZcefUWlkZgYWY_iªo]N4XKUWo]Nkel^aLObwZgo]U_`w\]IKN h U[er\]ofUWKXd\]U_^a`we^c';>=?<@D^co h U <NMo]NM`4\u ZgYWXKNke^c:S¤¥H)IKU[eUW`4a^cYWcN´e
lM^cLObwZcofUW`K¡bKof^awZgwU_YWU¢\]U_N´e8^g1;1=Q?<@2¹/LONkZaejXwo]ZcKY_N&NMaNM`4\]e8^co h U =NkofNk`4\D ZgYWXKNke0^cS¤¥pSVXwlvIObKo]^c:ZgKUWY_U_\fUWNke
ZcofNOYWU_LOU_\]e^g^dlMlXwofo]NM`wlMN(ofNaXwNM`wlMU_N´eQ^g)\fIKN´ejNNkcNk`a\veQ^co¨ejNaXwNM`wlMNke^c&UW` h Nkb:Nk` h NM`4\U h Nk`a\]UWlkZgY
NMmdb:NkofUWLONM`4\]ek¥H)IwNMo]N^co]Ncg\fIKNki(lkZg`OofN´Zcef^c`wZcKYWi:NuNk ZgYWXwZ \]N h ^c`KYWi¨\fIKo]^cXKaI(efNMaNMovZgYdUW` h Nkb:Nk` h NM`4\
efN4XKNk`wlN´eer\vZgof\fN h o]^cL"ZOe]ZgLONQU_`wU¢\]UWZcY h U[er\]ofUWKXd\]U_^a` ¥
 `\fIwUWeb:Zgb=NMo´ NObKo]^cb=^aefNOZ`wNM$LONM\fIK^ h ^aY_^acU[lMZgY8ZcbKbKo]^aZclvI®^coZaefefNke]ejUW`Kl^c`VaNMo]cNM`:lN^c
&}ÈZcY_a^co]U¢\]IKLeM¥D¦§XKouZcbKbKo]^aZalvIªUWeuco]^cXK` h N h ^c`\fIKNQGZal¤\\fI:Z \u`K^aofLZgYWU_\riªUWe¯Zg`U_LObKYWUWlkZ \]U_^a`
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^c=efXd©ªlUWNM`4\8LOU¢mdUW`KwaIKUWlvI(U[e\fNkej\]ZcKYWN)Zalo]^ae]e+b:ZgovZgYWY_NkYKejNaXwNM`wlMNkeUWe]efXKN h of^aL$Z h U[ejb=NMovejN h UW`KU_\fU[ZgY
h UWej\fo]U_wXd\fUW^c` VZg` h ZgYWY_^ ue8^colM^c`4\fo]^cYWYWU_`KbwofN´lU[ejUW^c` ¥0¸uNk`wlNaVU_`wej\fN´Z h ^c+lvIKNklvVUW`KQ^co)er\vZ \]U_^a`wZgo]U¢\ri
^cU9/; =?<@ A¤:NbKo]UWLOZcofUWYWiZgUWL"Zg\§l^a`4\fo]^cYWY_UW`K(\fIKNbKofN´lU[ejUW^c`^cN´er\]U_LZ \]Nke¯Y_UWcNª¾/scÀ¤¥)²x`wZg\fXKovZgY+&Z­i
\]^ h ^\]IKUWeuUWeu\fIKo]^cXKaIl^c`K« h NM`:lNo]NMcUW^c`:e)wZcefN h ^c``K^aofLZcY+ZgbKbwof^­mdUWLOZg\fUW^c`ofN´ejXKY_\fUW`KOo]^cL"\fIKN
Nk`4\fovZgYa+U_LOU_\0H)IwNM^co]NML ¾/&dHuÀ ^coZgo]c^ ¡lvIwZgUW`wek¥§U¢©ªlMXKY¢\]U_N´e0Zgo]UWefNDefU_`wlMND&NDIwZ­aN8\f^§LZgcNDXwejN
^cK\r&^§ZcefiVLObd\f^c\fU[lDo]NkefXKY_\]e)¾GZae
¶
	±À¤ \]IKNu&dHZg` h \fIKNlM^c`VcNkofaNM`wlMN8\f^§\fIKN)YWU_LOU_\fUW`K¡­ZcofU[Zg`:lNc¥
H)IwUWeU[e&\fIwNofN´Zcef^c`I4iNQbKo]^cb=^aefNcV«wovej\kd\]^(X:ejNej\]Zg\fU[er\]UWlkZgY<\fN´er\ve)^co)\]Nkej\fUW`K`K^aofLZgYWU_\riª^g\fIKN
`w^co]LOZcY_UW¬MN h efXKLe Z
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X:ejUW`Kªe]ZgLObKYWNke^ad\]ZcU_`KN h of^aL bwZco]ZcY_YWNMY lvI:ZgUW`weM=Zg` h efNklM^c` h w\f^LO^c`wU¢\]^cou Zgo]U[Zg`wlMNer\vZgKUWY_UW¬kZg\fUW^c` ¥
¦§Xwo)ZcbKbKo]^aZalvIªofN´ejXwY¢\veUW`l^c`4\]of^aY:\]NklvIK`wU)4XKN´eIwUWlvIl^aL(bwY_iªU_\fI\fIwNQZc:^ aN¡lMofU_\fNkofUW^c`+4U/¥ Nc¥V\fIwNMi
ZcofN¯`K^g\&bKof^aKYWNML(¹Îefb=NklU_«:l¾GIKNM`:lN§Z 8..<) l^aL(bwXd\fNko&lM^ h NuIwZce=NMNM` h NMaNMYW^cb=N h Zc` h U[eDbKXwKY_U[lYWi
Z­ ZcU_Y[ZgKYWN´ÀgZg` h \fIKNkibKo]^ VU h N&ZgXd\]^cLZ \]N h¨h UWZcc`K^4er\]UWlkeM¥H)IKN&U h N´Zce0Zgo]N«wo]ej\0bKofN´ejNk`4\fN h \fIK^aof^aXKcIwY_i
UW`\]IKNlMZaejN(^gp«:`KU¢\]Ner\vZ \fNOZcofa^ lvIwZcU_`:eM¥(¦§Xwo§LO^g\]U_ Zg\fUW^c`we§^coZ h ^cbd\]U_`w\]IKUWe¡b=^cUW`4\Q^cDVU_Nk
ZcofN«wovej\ª\fIwZg\LO^co]NbKo]NklU[efNLOZg\fIKNkLZ \fU[lMZcY\f^V^aYWeNMmdUWej\ª^coª«w`KU_\fN®lvIwZcU_`:eM¥  ` bwZgof\fU[lXKY[Zgo´&\fIKN
YWUWL(U_\fUW`K ZcofU[Zg`wlMNU_`\]IKN&dH lMZc`£:Nl^c`:ejU[er\]NM`4\fYWi®N´er\]U_LZg\fN h Zc` h l^aLObwZgo]N h \f^Zc`£Nkej\fUWLZ \fN
^c8\fIKN¨ Zgo]UWZc`wlNZgµ\fNko§¶£U_\fNko]Zg\fUW^c`wek¥§²¯YWef^w:\fIKNOej\]Z \]U_^a`wZgo]ibwof^awZgKUWYWU¢\]U_N´eME^ao¯NkZalvI®ej\]Z \]N)lMZc`
=NNkej\fUWLZ \]N h \f^caN\]IKNMoU_\fIl^a`d« h Nk`wlNQUW`4\fNMo] ZgY[eM¥UW`wZgYWY_iaV\fIKNbwof^ab:^4ejN h lM^c`4\fo]^cY<LON\]IK^ h elMZc`
=NZgbKbwY_UWN h \f^(YWZcofaN¯«:`KU¢\]NlvIwZgUW`we&ofN´ejXwY¢\]U_`K¨o]^cL Zcl\fXwZcYejU_\fXwZg\fUW^c`we)^aoD\]^(«w`KU_\fNlvIwZgUW`we&^cK\]ZgUW`KN h
o]^cL³l^a`a\]U_`VXK^aXweuej\]Zg\fNZcofa^ ªlvIwZgUW`we)\]IKof^aXKcIZO\]IKNM^aofNM\fU[lMZcY_YWiª ZgYWU h "Q.)! .  "/<	" bKo]^dlN h XKo]N
¾ 6¡XKUWIKNM`K`wNMXwl§Zg` h t^a:Nkoj\§kcaaÀg^co8\]IKo]^cXKaIO\fIKN "3  ).  ¾¯UWNM=^cY_\&Zc` h t^a:Nkoj\§kccP4À¥
²°efUW`KcYWNlvIwZgUW`\]NklvIK`wU)4XKNLZgVUW`KXwefN^g¡«w`KU_\fN®Zcofa^ £lvIwZgUW`\fIKNk^co]iIwZceZcY_o]NkZ h i=NMNk`
bwof^ab:^4ejN h 4ituZgµ\fNkofiQZg` h  NMU[e&¾rkaasKa´cc|4À¤¥+H)IwNMUWo ." O)	"3  	 o]NMYWUWNke ^a`Zg`¨ZgbKbKo]^­mdU_LZg\fUW^c`
^cej^aLONKUW`wZgo]i±bwof^dlN´efeUWe]efXKN h o]^cL Z£aNM`KNko]ZcY§}&}³ZcY_a^co]U¢\]IKL 4i Z£\r&^g¹èej\]Z \]NZgo]c^ 
lvI:ZgUW` ¥8¸u^ &NMcNkoka\fIwUWeZcbKbKo]^­mVUWLZ \]U_^a`ªUWe&ovZ \]IKNMo)&NkZg¾2ejNkNcdNa¥ :¥_dt^a:Nkoj\kac|4À¤¥0H)IKUWe)LONM\fIK^ h UWe
`wNMcNkoj\]IKNMYWNke]e8^a`KN^g\]IKNuLO^aej\Db=^cbKXKY[Zgo&Zg` h lM^cLOLO^c`KYWiX:ejN h aLZcU_`KYWi(:N´lMZgX:ejNuU_\U[ep`w^g\DbKo]^cwY_NkL¨¹
efb=NklU_«:lc h NMYWUWcNMoveQZg`ZgXd\]^cLZ \]N h er\]^cbKbKUW`KofXwY_NZg` h U[eZ­ ZgUWYWZcKY_N¨U_`NMmVU[ej\fUW`Kef^gµ\r)Zgo]NYWUWKo]ZcofUWNke
¾/SdH²8H  ·À¤¥ H)IKN´ejN&Zgo]Np\fIwNDo]NkZcef^c`:e IViQNU_YWYdl^cLObwZcofND^cXKo0ZgbKbwof^4ZclvIZg4ZgUW`wer\+\fIKU[e0l^cLOb=N\]U_`K
LONM\fIK^ h ¥
SVN´l¤\]U_^a`sQlM^c`4\]ZcU_`:e0\fIKN)\]IKNM^aofNM\fU[lMZcYdwZclvVco]^cXw` h ^ao0«w`KU_\fNuNkofa^ h UWl)Zcofa^ lvIwZgUW`we8IwUWlvIOUWY_Y
=NOXwefN h U_`}\fIKNObwZcb:Nkok¥^c`K`wNkl¤\]U_^a`we¡:NM\rNkNM`®\fIKN&dH$Zc` h \fIKNOo]NM`KNk&ZcY+\]IKNM^aofiZcofN(ofN´lMZcY_YWN h ¥
H)IwNLOZcU_`\]^4^aY¯^c§\]IKUWeejN´l¤\fUW^c` U[eZ&dH ^co\]IKN\fUWLON®efb:Nk`a\U_`¼Z£ej\]Z \]N h XKo]U_`w\fIKN«:o]ej\ª¶
ej\fNkbwe(^gQZg`Nkofa^ h UWlZcofa^ lvIwZcU_`+DU_\fI±\fIKNYWU_LOU_\fUW`K­ZcofU[Zg`:lNZ­­ZcU_Y[ZgwY_N\fIKo]^cXKaI±ZcY_aNMKovZgU[l
lM^cLObKXd\vZ \]U_^a`weUW`Vc^cYWVU_`w\fIKN\fovZg`:ejU_\fUW^c`£LZ \]ofU_mZg` h \fIKNU_`V Zgo]U[Zg`4\bKo]^cwZcKUWY_U_\ri¾!QNMLONM`Vi£Zg` h
Sd`KNMYWY)kc|87aÀ¥§² IKNMXKo]U[er\]UWl¨bKo]^VlMN h XwofN^ao¡&}>l^a`VcNMo]cNk`wlNZaefefNke]efL(Nk`4\§XwefU_`w·&NMo]ofi4¹ÎºDe]ej»kNM`
\riVb=NNkofo]^co(=^cXK` h e¨UW`±\fIKN&dH ¾KNMYWYWNMoka|caÀUWeOZcYWef^®UW`VcNkej\fUWaZg\fN h ¥SVNkl\fUW^c`z h N´eflMofUW=Nke¨\fIKN
\r&^lM^c`4\fo]^cY LONM\fIK^ h e§NbKof^ab:^4ejN^cou«:`KU¢\]N¨Zcofa^ lvIwZcU_`:e.g)²x\]Nkej\§^gp`w^co]LOZcY_U_\riª^ao(¾2zaÀ)U_\fI
UW` h U[lMZg\f^ao¯XK`:l¤\fUW^c`:e K #"  $&% C
Zg` h ZlM^cLObwZcofU[ej^a` =XwejUW`KcovZgbwIKUWlkZgYLO^c`KU_\f^aofUW`Kw<=N\r&NMNk`
lM^c`wefU[er\]NM`4\pNkej\fUWLZ \fN´ep^c=\]IKNuYWU_LOU_\fUW`K ZcofU[Zg`wlMNZg` h ^c=\]IKNu Zgo]U[Zg`wlMNuZ µ\fNkoD¶U_\fNMovZ \]U_^a`wek¥SVN´l¤\fUW^c`P
NMmV\fNM` h eQ\fIwUWeLONM\fIK^ h ^aY_^aci\f^lM^c`4\fUW`VXK^cX:eer\vZ \fNefbwZclMNZgo]c^ lvIwZcU_`:eM¥ªH)IKNNMmV\fNM`:ejUW^c`^g&\fIKN
`w^co]LOZcY_U_\riLO^c`wU¢\]^co]U_`K¡\]^Q\fIKNuaNM`KNko]ZcYKlMZaejN)U[epZgYWLO^aej\Der\]o]ZcU_aIa\f^co]&Zco h ­Zc` h ZgXd\]^cLZ \]N h er\]^cbKbwU_`K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o]XKYWNkeOZgo]Nbwof^ab:^4ejN h ¥H)IKN Zgo]UWZc`wlNl^aL(b:Zgo]UWef^c`U[eOZgY[ej^lMZcofo]UWN h ^aXd\k&Z \(\fIKNNmdb=NM` h ^gQej^aLON
ZcbKbKo]^­mdU_LZ \]U_^a`^aoNkej\fUWLOZg\fUW^c`^g\fIKNY_UWLOU¢\]U_`K ZcofU[Zg`wlMNc¥SVN´l¤\]U_^a`{U[e h Nkc^g\]N h \f^UWY_YWXwej\fovZ \]U_aN
NMmKZgLObKYWNkeuZc` h l^aLObwZgo]UWef^c`:e)U¢\]I\fIKNKU_`:Zgo]ilM^c`4\fo]^cY/KIKU[lvIU[euKo]U_NM½wi h Nke]lo]U_=N h \]IKNMo]Nc¥u² \f^ i
NMmKZgLObKYWN)^copZ¡«w`KU_\fN§er\vZ \fNu®Zgo]c^ lvIwZcU_`wepUWe0\]IKNM`ªej\fX h U_N h ¥  \efIK^ ue\fIwZg\8\fIKN¯`K^co]LZgYWU¢\rilM^c`4\fo]^cY
U[eQZb=^ &NMofXKY+\]^V^cY0^co h NM\fNkl\fUW`KejYW^ YWiLOU_mdU_`KlvIwZcU_`wek Zg` h \fI:Z \Q^cXKoQbwZco]ZcY_YWNMY0lvIwZgUW`we§LON\fIw^ h
U[e(bKo]NNMovZgwY_N\f^}R Zg` h GZcej\fNko(\fIwZc`R ZefU_`KaY_NlvIwZcU_`±L(NM\fIK^ h ¥È^cLObwZcofU[ef^c`we¨:NM\rNkNM`±\fIKN
\]U_LON`KNkN h N h \]^o]NkZalvI±ZcbKbKo]^­mVUWLZ \]Nej\]Z \]U_^a`wZgo]U_\riZc` h \fIKN\fUWLON`KNMN h N h \f^£ZalMlNkbd\O`K^co]LZgYWU¢\ri
IViVb=^g\fIwNkefNkeuZcofNaU_aNM`^c`ZefNkl^a` h NmKZcL(bwY_NwZaejN h ^c`ZOovZg` h ^aL )ZgYW^ aNMo)\fIwN Lg¹ h UWLONM`wefU_^a`wZgY
lMXK=Nc¥¯ºpmdZcLObKY_N´eu^ao¡lM^c`4\fUW`VXK^cX:e¯ej\]Z \]N¨}&AZgYWc^co]U_\fIKLek:Zgo]U[ejUW`K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lM^cLObKYWN\]NMYWi}UW` h Nkb:Nk` h NM`4\¨of^aL \]IKN}&} ZcY_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Unit é de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
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